This paper investigates the reorientation of fibres and local mechanisms of deformation in a composite material inspired by the mechanics and structure of wood cell-walls. The mechanical response of the material is calculated under tensile loading conditions by means of the computational homogenisation of a two-dimensional representative volume element (RVE) of material. Here, the fibres are represented by a periodic alternation of alumina and magnesium alloy fractions, embedded in a soft epoxy matrix. In order to validate the present multi-scale framework, we compare our numerical prediction for the reorientation of fibres in the wood cell-wall composite with experimental data, finding a good agreement for a wide range of strains. Numerical simulations show that the model is able to describe the reorientation of fibres and the different stages of local deformation and failure in the proposed wood-inspired material. Furthermore, we assess a simple expression to calculate the reorientation of fibres and the in-plane Poisson's ratio of the present composite.
Introduction
In recent years, the investigation of new strategies inspired by nature for the development of more advanced materials has received considerable attention in scientific communities. [1] [2] [3] [4] [5] By mimicking morphological patterns and natural mechanisms of interaction among basic constituents, scientists have found promising guidelines in the next generation of engineering materials. Among many important characteristics found in natural materials, probably the most significant one is their hierarchical architecture across multiple spatial scales, from submicrometer dimensions to macroscopic scales. 6 In particular, one been widely investigated over the last few years, by means of multi-scale finite element models in the context of elastic response, [7] [8] [9] [10] and recently in the context of irreversible behaviour. 11 Nevertheless, despite the considerable effort devoted to this study, and particularly to the study of wood across different scales, little is currently known about the development of new bio-inspired materials.
In a recent publication, 12 the authors proposed the concept of a new composite material inspired by the mechanics and architecture of wood cell-walls. In this study, the authors chose compression wood cell as the type of wood cell to be mimicked. This type of cell is typically found in the lower side of branches of coniferous trees. Under natural conditions, this type of cell is characterised by low overall stiffness and by the development of large amount of strain before reaching failure. Thus, we choose compression wood cell-wall as the inspiring material in order to endow this new composite with these particular features. In this publication, 12 it was shown that one important mechanism of dissipation under tensile loading condition is the shear plastic deformation in the matrix due to the reorientation of fibres induced by their alignment with respect to the loading direction. This mechanism of deformation was also observed in wood tissue and individual wood cells undergoing large shear deformations in the hemicellulose/lignin matrix.
13
Due to its relevance in the macroscopic dissipative response of this bio-inspired composite, and also in wood, our main objective in this paper is to investigate the reorientation of fibres in this new material under tensile loading conditions by means of a computational multi-scale approach. Furthermore, we study the different mechanisms of local deformation and failure in the constituents and we assess a simple expression to describe the alignment of fibres and the in-plane Poisson's ratio of the composite under the present loading conditions. We remark here that, a similar framework was adopted in Ref. 12 to investigate the mechanical behaviour of this new material. In this reference, the authors developed a fully coupled threescale three-dimensional finite element model, but due to memory requirements and CPU time constraints, only fully coupled two-scale analyses were carried out. By estimating a representative strain state on the intermediate scale, approximately equivalent to tensile loading conditions, the modelling of the large scale continuum was excluded from the analyses. This approach consisted of assuming inextensible fibres in the definition of the strain path imposed at this scale. This approach allowed the authors to save very important computational resources in the performed analyses, although it could be questionable how accurate this approach is for very large levels of strains and for different initial orientation of fibres. In this paper however, this drawback is circumvented by computing the actual strain state on a two-dimensional RVE subject to tensile loading conditions. Inspired by the wood cell-wall architecture, the constitutive response is described by means of an RVE composed of a biphasic alumina/magnesium alloy fibre embedded in a soft epoxy matrix.
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A Wood-Inspired Composite
The paper is organised as follows. Section 2 presents a brief review of wood cell-wall mechanics. The bio-inspired strategy adopted for the design of the new composite is detailed in Sec. 3. In Sec. 4, the two-dimensional multi-scale finite element model is presented. Section 5 shows the numerical results obtained from the present multi-scale framework. Finally, Sec. 6 summarises our main conclusions.
Mechanics and Structure of the Wood Cell-Wall
At the ultrastructural scale, the wall of wood cells contains three fundamental constituents: cellulose, hemicellulose and lignin. These constituents form a spatial arrangement called microfibril which can be represented as a periodic unit building block of rectangular cross-section (refer to Fig. 1) .
Cellulose, hemicellulose and lignin constitute approximately 30%, 32.5% and 37.5%, respectively, of the total volume of wood substance. 11, 16, 17 The cellulose is a long polymer composed of glucose units which is organised into periodic crystalline and amorphous regions along its length ( Fig. 1 ). This periodic arrangement is further covered with an outer surface made up of amorphous cellulose.
14 The Young's modulus of the crystalline cellulose in the longitudinal direction is E = 134 GPa.
18
Because of the random molecular distribution of the amorphous cellulose, it can be modelled isotropically, with a Young's modulus of E = 10.42 GPa. 19 The (volumetric) degree of crystallinity is defined as the ratio between the volume of crystalline cellulose and the total volume of cellulose. Normally, its value varies between 0.49 and 0.60 in wood cells of Scots pine and Norway spruce, with an average value of 0.52. 20 Hemicellulose is a polymer with little strength built up of sugar units, with mechanical properties highly sensitive to moisture changes. Despite its partially aligned molecular structure, it can be modelled isotropically. Lignin is an amorphous polymer whose purpose is to cement the individual cells together and to provide shear strength. It is the most hydrophobic component in 
Bio-Inspiration
In this section we develop the concept of a new alumina/magnesium alloy/epoxy three-phase composite when some of the structural and mechanical concepts involved in wood cells are exploited further. Based on the natural design of wood cellulose fibres, we suggest a bio-inspired strategy to increase the toughness in this new composite. 12 In order to endow this composite with similar mechanisms of deformation found in the wood cell-wall composite, we establish a one-to-one correspondence between each of the fundamental constituents present in wood and those existing in the new material, and therefore the role performed by each of the cell-wall constituents is replicated in the new wood-inspired material.
Definition of materials
By mimicking the natural design of the cellulose, the reinforcing fibre of the new composite is assumed to be made up of two phases. Here, the main feature of the stiff crystalline cellulose fibre in the wood cell-wall material is replicated in the new composite by adopting a very stiff elastic material as one of the phases in the fibre. Motivated by the very low ultimate strain reported in the crystalline cellulose, between 0.14 and 0.40% strain, 25 we choose alumina to become the very stiff elastic
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A Wood-Inspired Composite portion of fibre, whose maximum tensile strain is 0.3%. 26 The Young's modulus and
Poisson's ratio for alumina are 414 GPa and 0.23, respectively.
26
The second phase of the fibre is assumed to have a softer elasto-plastic response similar to the mechanical response of the amorphous cellulose fraction in the cellwall. In order to endow this new composite with similar mechanisms of deformation found in the wood cell, we keep the same ratio present in the wood cell-wall composite, between the Young's modulus of the crystalline cellulose, E = 134 GPa, and the amorphous cellulose, E = 10.42 GPa (refer to Sec. 2). Thus, we proceed to define the Young's modulus for the softer fraction of fibre with a value of E = 32. 
29,30
We note that alumina/magnesium alloy composites are important in applications in which a high stiffness/weight ratio is required.
31 Some applications can be found, for instance, in aircraft engines, power transmission housings, rotating shafts and in helicopter transmission components.
32
For the definition of the mechanical properties of the matrix, we follow the same considerations explained above. By keeping constant the ratio between the Young's modulus of the crystalline cellulose and that of the equivalent hemicellulose/lignin matrix, we estimate a Young's modulus E = 2.639 GPa for the matrix, such that 414/2.639 = 134/0.854 = 156.9. Similar calculations lead to a yield stress σ y = 0.059 GPa.
A new search for engineering materials as possible alternatives for the matrix results in epoxy as a suitable candidate. From the literature, 33 the Young's modulus and yield stress for epoxy is E = 2.6 GPa and σ y = 0.068 GPa, respectively, revealing a good agreement with those values estimated above. An ultimate shear strain of 0.40 has been reported for E-862 and PR-520 epoxy resins, 34 which is consistent with the large shear strains reported in the hemicellulose/lignin matrix before the failure of wood cells and wood tissue under straining. 13 In addition, its ultimate tensile strain is 0.169 when treated with functional curing agents.
33,35
All of the material constants adopted for each of the constituents in the present composite are summarised in Table 1 . 
Definition of the architecture
By taking into consideration the wood cell-wall morphology, we define the architecture of the composite. The length and width of the cellulose crystallites can be taken as 36.4 nm and 3.2 nm, respectively. 20, 36 Therefore, inspired by these dimensions, we adopt an aspect ratio (width/length) of 3.2/36.4 for the alumina fraction. Donaldson and Singh 37 obtained an average thickness of cellulose about 3.6 nm, which included the crystalline core and the outer amorphous surface sheeting. This results in a ratio between the width of the crystalline cellulose and the width of the entire cellulose fibre equal to 3.2/3.6. Consequently, we assume the same proportion between the width of the alumina fraction and the whole alumina-magnesium alloy fibre. If the degree of crystallinity is taken as 0.52 (refer to Sec. 2), then the same value can be adopted for the ratio between the volume fractions of alumina and alumina-magnesium alloy fibre. In view of the volume fraction of 0.70 for the hemicellulose-lignin matrix (refer to Sec. 2), we take the same value for the volume fraction of epoxy matrix (with respect to the whole composite).
Two-Dimensional Multi-Scale Finite Element Model
In this section, we consider the fully coupled two-scale finite element modelling of the new wood-inspired composite subject to in-plane tensile loading conditions. The computational homogenisation scheme adopted here corresponds to the widely used periodic boundary displacement fluctuations model, 38,39 typically associated with the modelling of periodic media.
Microscopic scale
The (microscopic) RVE consists of a two-dimensional periodic arrangement of alumina-magnesium alloy fibres embedded in a soft epoxy matrix. Figure 2 shows a typical RVE finite element mesh adopted for the computational homogenisation of
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A Wood-Inspired Composite Fig. 2 . Typical RVE finite element mesh adopted for the computational homogenisation of the present wood-inspired composite.
the microstructure. It contains 4768 F-bar four-noded quadrilateral elements with a total number of 4950 nodes. To eliminate volumetric locking, the F-Bar methodology 40 is adopted throughout. For all of the finite element analyses we assume plane strain conditions under large strains regime. Alumina is assumed to be isotropic and elastic. Magnesium alloy and epoxy are modelled isotropically with an elastic-perfectly plastic von Mises law (refer to Sec. 3 for details of mechanical properties).
Macroscopic scale
The macroscopic problem consists of a 10×10 mm portion of material whose constitutive law is defined by the computational homogenisation of the above microstructure. Since we are interested in the mechanical response of the material, a one single F-bar four-noded quadrilateral element is adopted to determine the actual tensile strain state in a macroscopic Gauss-point as illustrated in Fig. 3 . We note that the same approach was used by Govaert et al. 41 to investigate the time-dependent failure behaviour of off-axis loaded composites. Appropriate boundary constraints are imposed on the element as shown in Fig. 3 . In addition, since the in-plane shear strain is prevented in the wood cell-wall composite due to the interlocking between two or more adjacent cells in the wood tissue, 13 the shear deformation is also prevented here by enforcing identical displacements in the x-direction at the two nodes on the left of the element. In all of the cases, x and y-axes coincide respectively with the horizontal and vertical directions. The loading programme consists of applying a prescribed displacement of 2 mm in the y-direction. The total prescribed displacement is applied in 20 incremental steps. However, when no convergence is detected in the solution of the RVE equilibrium problem at any macroscopic Gauss point, smaller load increments are taken into account to ensure the success of the whole macroscopic loading programme. We remark that during each load step of the fully coupled two-scale analysis the macroscopic equilibrium problem is solved simultaneously with 4 RVE equilibrium problems at the macroscopic Gauss-point level (refer to Fig. 3 for further details).
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E. I. Saavedra Flores et al. Fig. 3 . Macroscopic finite element mesh adopted for the computation of the actual tensile strain state in a Gauss-point.
The numerical simulations are performed for different angles α as shown in Fig. 3 . Inspired by the MFA in the wood cell-wall (refer to Sec. 2), the initial angle is varied here between 0 and 90
• with respect to the loading direction.
Failure mechanisms
In this investigation, the total failure of the composite is assumed to be associated with the local failure of one of the constituents (alumina, magnesium alloy or epoxy). When the (microscopic) strain exceeds the maximum value or ultimate strain in at least one of the constituents, the whole composite is assumed to have failed and the corresponding numerical simulation is stopped before reaching the maximum prescribed displacement. Otherwise, the maximum prescribed displacement of 2 mm is applied. The following potential mechanisms of failure 12 are considered in this investigation. The first failure mechanism in the composite is the longitudinal tensile failure in the alumina fraction. In this particular failure mode, the longitudinal tensile strain in the alumina fraction reaches the ultimate strain of 0.003. For each load step, the longitudinal tensile strain is computed in the alumina fraction of the microscopic finite element mesh as the change in length per unit reference length.
The second potential mechanism of failure is the accumulation of plastic deformation in the magnesium alloy fraction. Due to the rotation of the fibres during their alignment with respect to the loading direction, the magnesium alloy content may undergo a considerable amount of shear plastic deformation. In order to quantify the plastic strain state, we volume average the equivalent plastic strains over all the elements which constitute the magnesium alloy fraction in the microscopic mesh. From the mechanical properties shown in Table 1 , it is straightforward to estimate a value for the ultimate plastic strain of magnesium alloy under tensile loading. This ultimate value can be computed as ε Therefore, the condition of failure is assumed to occur when the volume averaged equivalent plastic strain reaches 0.19.
A third potential mechanism of failure considered here is the accumulation of shear plastic deformation in the epoxy matrix. As explained before, due to the misaligned orientation of the alumina/magnesium alloy fibres with respect to the tensile loading direction, the composite will tend to show large rotation of fibres and therefore, a large amount of accumulated shear plastic strains in the matrix. In order to quantify a representative strain state for this condition, we calculate the volume average of the equivalent plastic strains over all the elements which constitute the epoxy fraction in the microscopic mesh. The calculation of the ultimate plastic strain in the material follows the same considerations explained before. Consequently, the condition of shear failure in the matrix (and therefore in the composite) is assumed to occur when the volume averaged equivalent plastic strain reaches the limit of 0.374.
Finally, under a dominant state of tensile deformation in the epoxy, which is normally represented by the condition of fibres separation, the failure is reached when a maximum total tensile strain of 0.169 is found in the matrix (refer to Sec. 3). Here, the total tensile strain in the epoxy is calculated as the change in length per unit reference length perpendicular to the fibre (in order to quantify the separation of fibres).
Numerical Results
In this section, we present the numerical results obtained from our finite element simulations. We quantify the reorientation of fibres through the variation of the angle α during the tensile loading programme (refer to Fig. 3) . In order to validate the present multi-scale framework, we compare the numerical predictions for the wood cell-wall composite with the variation of the MFA during a tensile experiment.
In previous works 11,12 the authors estimated a representative strain state approximately equivalent to tensile loading conditions, in order to make the multiscale analyses feasible due to computing times and memory constraints. This approach consisted of assuming inextensible fibres in the definition of the strain path which resulted in a simple relationship between the applied strain ε yy (in the y-direction) and the variation of the angle α, such that ε yy = −tan(α o )(α − α o ), with α o denoting the initial angle between fibres and the loading direction. 11, 13 In this work, we also assess this expression.
Validation
Since no experimental information is available for this bio-inspired composite, we validate the present multi-scale framework by comparing our numerical prediction with experimental data of the reorientation of fibres in the wood cell-wall composite. For this particular purpose, we adopt in the present model the material constants of the crystalline and amorphous cellulose and hemicellulose-lignin matrix obtained
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E. I. Saavedra Flores et al. from Sec. 2. Here, we consider the experimental information reported by Keckés et al. 13 during a tensile test of compression wood tissue. In this particular exercise, we apply a maximum displacement of 0.364 mm, such that a maximum macroscopic strain of 0.182 is applied. This value is motivated by the maximum strain recorded during the experiment of Keckés et al. For all of the cases, the macroscopic strain is computed at each load step as the current prescribed displacement divided by the initial length of 10 mm. Figure 4 shows both the experimental variation of the MFA and the result obtained from the present multi-scale framework when the wood cell-wall material constants are employed. The initial MFA considered in the experiment and in our numerical simulation is 45.7
• . The general trend of both curves is almost linear with a good agreement for the whole range of strains, and particularly with a perfect matching up to 0.12 strain. We emphasise that, in our analysis we assume the cell-wall to be free from pits or defects over the length of individual cells. This assumption could be questionable due to the existence of microscopic imperfections and variability in the MFA along wood cells. 42 However, due to the cell-cell interactions in wood tissue, an overall homogeneous deformation can be observed 13 making possible this assumption.
The above good agreement validates the present multi-scale framework for the prediction of the reorientation of fibres during tensile loading conditions. In the following, we analyse the wood-inspired composite.
Reorientation of fibres and failure mechanisms in the wood-inspired composite
Motivated by the range of values of the MFA present in the wood cell-wall composite, between 0 and 90 • (refer to Sec. 2), we study the wood-inspired material with • with respect to the loading direction. Figure 5 shows the numerical predictions for the reorientation of fibres obtained from our multi-scale model (lines with markers). As expected, we can observe here no variation in the orientation of fibres for the initial angles α o = 0
• and 90
• . In the particular case of α o = 0 • , the alumina-magnesium alloy fibres are aligned with the tensile load and therefore, a local failure at the alumina fraction might be expected. However, due to the large accumulation of plastic strain in the magnesium alloy, the failure is firstly triggered in this portion of material. The maximum axial elastic strain in alumina at the instant of failure of the magnesium alloy is 0.002, which is still far from the ultimate strain of 0.003. After an inspection of the numerical results, it is also interesting to observe local tensile deformation in the matrix in the perpendicular direction to the fibres, at the beginning of the loading programme, revealing a preliminary process of fibres separation. However, for a macroscopic strain over 0.04, a change of the sign in the local deformation in the matrix begins to reveal an increasing reduction of the distance between fibres. This phenomenon is attributed to the progressive alignment of the fibres with respect to the loading direction, which eventually results in a transversal shortening of the macroscopic length of the material, in the direction perpendicular to the tensile loading axis. For the initial condition α o = 60
• , the principal mechanisms of deformation in the composite are also related to the accumulation of plastic strain in the magnesium alloy and shear in the epoxy. Here however, the strain in the matrix in the perpendicular direction to the fibres is always positive (tensile strain), indicating fibres separation at all times. Furthermore, the corresponding curve in Fig. 5 shows a bilinear trend with a significant change in its slope at 0.05 macroscopic strain. The total angular variation, after reaching the maximum prescribed displacement, is 13.3
• .
For α o = 75
• , a failure mechanism due to the accumulation of plastic deformation in the magnesium fraction occurs. In addition, the tensile strain in the matrix, in the direction perpendicular to the fibres, begins to gradually increase. The maximum tensile strain in the matrix and the maximum angular variation registered during the loading programme, until reaching failure, are 0.16 and 7.08
• , respectively. A similar bilinear trend to the previous case is found, with a change in the slope at 0.05 macroscopic strain.
• , the fibres are perpendicular to the loading direction and therefore, a large tensile strain is found in the epoxy as a consequence of the fibres separation. At the instant of failure, the total tensile strain in the matrix reaches the ultimate value of 0.169.
Approximate expression for the reorientation of fibres and in-plane Poisson's ratio
Here, we assess a simple expression for the reorientation of fibres under the present tensile loading conditions considered in this work. Since this expression has been adopted in numerous previous works, [11] [12] [13] 43, 44 we find convenient to carry out a more precise assessment of its validity. In addition, we investigate an approximate expression for the in-plane Poisson's ratio of the composite. By assuming inextensible fibres, it is possible to obtain a simple expression that relates the applied tensile (macroscopic) strain, ε yy , in the direction y, with the resulting variation of the angle α. If we consider a rectangular material element of composite on the x-y plane, with dimensions lx and ly, in the corresponding x and y-directions, it follows that cos(α) is proportional to ly under the assumption of inextensible fibre. Then, the relationship between the applied strain and the variation of α can be expressed as Similarly to the analysis in the y-direction, a second relationship can be obtained for the x-direction. Here, the length lx in the portion considered of composite, is proportional to sin(α) under the assumption of inextensible fibre. In this case, the strain in the direction x can be calculated as respectively. Unfortunately, for smaller angles, this simple expression loses accuracy and cannot be adopted for the calculation of the Poisson's ratio. We also note that changes in the in-plane Poisson's ratio can lead to substantial variations in the slope of the curves in Fig. 5 . In addition, a relatively constant in-plane Poisson's ratio during the deformation process results in a general linear trend.
Conclusions
This paper has investigated the reorientation of fibres and local mechanisms of deformation in a new wood-inspired composite by means of a multi-scale finite element approach. By mimicking the natural design of wood cellulose fibres, the composite was defined by fibres, comprising periodic alternations of alumina and magnesium alloy fractions, embedded in a softer epoxy matrix. The mechanical response of the material was calculated under tensile loading conditions by the computational homogenisation of a two-dimensional RVE. A validation of the numerical prediction for the rotation of fibres in the wood cell-wall composite showed a perfect matching up to 0.12 strain and a good agreement up to 0.2. In the proposed woodinspired material, the main mechanism of deformation for initial angles α o close to 45
• was the shear deformation of the epoxy matrix along with the accumulation of plastic strain in the portion of magnesium alloy. A gradual transition from a mechanism of fibres separation into fibres approaching each other was found. For 
